Using the Cu-Zr model system, we demonstrate that bulk amorphous alloys can be obtained by copper mold casting even in a binary metallic system. The narrow, off-eutectic, bulk-glass-forming range was found to require composition pinpointing to Ͻ1 at. %. A phase selection diagram is used to explain the success of our microstructure-based approach to pinpoint the best glass former in a given system. The implications of discovering simple binary bulk amorphous alloys are discussed, in terms of its impact on understanding the formation and physics of bulk metallic glasses. © 2004 American Institute of Physics. ͓DOI: 10.1063/1.1751219͔
The recent discovery of bulk metallic glasses ͑BMGs͒, employing complicated combinations of multiple components in Pd-, Zr-, Fe-, Ni-, Cu-, La-, Mg-, Y-, and Ca-based systems, [1] [2] [3] [4] [5] [6] [7] has attracted tremendous attention. 5, 6, 8 To locate the compositions with a high glass-forming ability ͑GFA͒ upon melt solidification, a long-standing guideline has been the reduced glass transition temperature, T rg (ϭT g /T l , where T g is the glass transition temperature and T l is the liquidus temperature͒. 9 The T rg criterion predicts that deep eutectics are preferable for glass formation upon cooling a liquid. However, no BMGs have been found at the eutectics in the various binary systems studied to date. In many systems the better glass formers are found at off-eutectic compositions, [10] [11] [12] which remains an unsolved puzzle so far. Recently, we have extended the concept that glass formation is a phase selection over all the competing phases, in particular, the eutectic formation. 12, 13 The latter, due to kinetic constraints in a casting operation, can be the sole controlling crystallization process at compositions away from the eutectic composition (X eu ) in the equilibrium phase diagram ͑see Refs. 13 and 14 for discussion on eutectic coupled zone͒. As a result, the corresponding composition zone may be asymmetric about, and even exclusive of, X eu , ͓Fig. 1͑a͔͒. The best GFA should be on the side of X eu where the phase diagram indicates a steeper liquidus line ͓Figs. 1͑a͒ and 1͑b͔͒. 12, 13 As illustrated schematically in Fig. 1͑a͒ , as a function of alloy composition the microstructure in a cast sample cooled to below T g at a given rate would change from a primary phase in an amorphous matrix, to fully amorphous, and then to another primary phase in the amorphous matrix. As such, by monitoring the microstructure evolution with composition and eliminating the primary phases present in the amorphous matrix, one can locate the best glass former. In this letter, we use this approach to pinpoint the composition with the optimum GFA to within an accuracy of Ϯ0.5 at. %. We demonstrate in the Cu-Zr model system that a BMG can be found even in a binary system involving only metallic elements, via copper mold casting. The BMG-forming composition win- dow is indeed off-eutectic and very narrow, in accord with the scenario in Fig. 1͑a͒ . This finding is important, as it implies that there are many potential BMG-forming alloys out there to be discovered. The empirical necessary condition for BMG formation, requiring a multi-component recipe with at least three components, 5 no longer holds even in simple metallic systems.
There are five eutectics in the binary Cu-Zr system. with X eu ϭ38.2 at. % Zr has the lowest eutectic temperature of 885°C, and more importantly, asymmetric liquidus slopes, with the liquidus temperature rising steeply on the Cu 8 Zr 3 side. 15 We therefore start at X eu ϭCu 61.8 Zr 38.2 , and move towards Cu 8 Zr 3 at a small composition step of Ͻ0.5 at. %. Alloys were prepared by arc melting Zr ͑99.98%͒ and Cu ͑99.999%͒ together under argon atmosphere. These alloys were then cast into a cylindrical copper mould 2 mm in diameter ͑d͒ by suction casting. The resulting samples were sectioned transversely and then characterized using scanning electron microscopy ͑SEM͒, transmission electron microscopy ͑TEM͒, x-ray diffraction ͑XRD͒ and differential scanning calorimetry ͑DSC͒. A JEM 2010 TEM with a point-topoint resolution of 0.194 nm operating at 200 kV was used for high-resolution observations. TEM samples were prepared via twin-jet polishing ͑a comparison with ion milling was also made, and the latter yielded nanometer-sized crystals even with liquid-nitrogen cooling͒.
The eutectic Cu 61.8 Zr 38.2 alloy could not be made into a BMG, as crystalline phases existed in the center part of the ingot, with the amorphous phase only occupying the peripheral regions. With decreasing Zr content, in Cu 63 Zr 37 ͓Fig. 2͑a͔͒, Cu 63.5 Zr 36. 5 and Cu 64 Zr 36 , the crystalline phase decreased in amount, but was still present as nonuniformly distributed islands in an amorphous matrix. XRD patterns ͓e.g., inset in Fig. 2͑a͔͒ of these samples indicate that this crystalline phase is Cu 10 Zr 7 . A clean and complete BMG is achieved only at the composition of Cu 64.5 Zr 35.5 , which exhibits the featureless optical appearance and the broad XRD maximum ͓Fig. 2 ͑b͔͒, that are characteristic of a typical amorphous alloy. Figure 3 shows the high-resolution TEM micrograph and the corresponding selected area diffraction ͑SAD͒ pattern of Cu 64.5 Zr 35.5 , confirming that it is indeed fully amorphous. tures ͑indicated by arrows͒. Their heats of crystallization are ϳ56 and ϳ55 J/g, respectively, further confirming that the cast BMG is fully amorphous. In addition, the isothermal DSC trace of the Cu 64.5 Zr 35.5 BMG at 757 K ͑inset in Fig. 4͒ showed an exothermal peak expected for crystallization via a nucleation and growth process.
When the Zr content decreased slightly further to Cu 65 Zr 35 , a small amount of crystalline phase started to appear in the amorphous matrix again, and its morphology is drastically different from that of Cu 10 Zr 7 . XRD reveals that the crystalline phase is now mainly Cu 8 Zr 3 ͓Fig. 2͑c͔͒. Such a switch of the primary phase is expected to encompass the best glass-forming zone/composition, based on Fig. 1͑a͒ 5 being the best composition pinpointed to an accuracy of 0.5 at. %. The very narrow composition range and the extremely strong composition dependence explain why no BMGs were reported before in this and many other binary systems.
In conclusion, we have used a strategy to pinpoint the best glass formers and demonstrated the advantage of our approach by discovering a BMG (dϭ2 mm) even in a binary system containing metallic elements only ͑Cu-Zr͒. This example also serves to illustrate the sensitivity of GFA to composition, on the order of 0.5 at. %. Many ͑binary͒ systems are potential candidates for BMGs, as long as one is aware that there can be a very strong composition dependence ͑may be termed the ''well effect''͒ as that depicted in Fig. 1͑a͒ . Simple binary systems open new avenues towards the understanding of the BMG family of alloys: the atomiclevel short-range structures, thermodynamic modeling, and computer simulations would become readily tractable, avoiding the difficulties encountered for the BMGs so far due to the complex nature of the multi-component interactions involved.
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